The theory of liquid-to-gas or gas-to-liquid mass transfer in biological processes has been developed in numerous engineering textbooks (e.g., references 1 and 19) . Applications have been, however, essentially restricted to oxygen transfer in aerobic processes. In anaerobic processes in which many different gases (such as methane, nitrogen, hydrogen, hydrogen sulfide, and carbon dioxide) are produced and/or consumed, the problem of liquid-to-gas transfer is quite poorly documented. Generally, material balances on these species assume equilibrium between phases as dictated by Henry's law.
In the biomethanation process, in which numerous gases are produced, liquid-to-gas transfer is crucial. Methane, carbon dioxide, hydrogen, and hydrogen sulfide gases result from the activity of microorganisms in the liquid phase. Thermodynamic considerations about dissolved hydrogen interspecies transfer, as well as carbon balances around a reactor based on methane flow rates or specific microbial production and/or consumption rates, are subject to error when interphase transfer resistance is neglected. On the other hand, hydrogen, an intermediate metabolite in the process, must be present at a very low concentration to ensure the proper operation of the process. For instance, its partial pressure at equilibrium must be no more than 10 Pa to allow degradation of propionate (13) . Because of technical difficulties involved in the direct measurement of dissolved hydrogen, most hydrogen techniques have been developed for the gas phase (10); knowledge of possible hydrogen transfer limitations is then crucial for estimating the dissolved H2 concentration. On-line dissolved-hydrogen sen-* Corresponding author.
sors are now available (14a, 17, 20) to investigate the interphase transfer of hydrogen.
Carbon dioxide was shown to be in quasiequilibrium under normal operating conditions (2) , while no data have been reported about methane gas transfer. In studying batch kinetics of consumption of gaseous hydrogen plus carbon dioxide, Robinson and Tiedje (16) found that hydrogen transfer was the limiting step in the case of highly concentrated or viscous sludge. These conclusions were drawn despite an experimental design favoring gas transfer from the gas to the liquid phase, i.e., a gas-to-liquid volume ratio of 3, and strong mixing of the sludge. Fardeau and co-workers (8, 9) have studied the growth of Methanococcus thermolithotrophicus and Methanobacterium thermoautotrophicum on H2 and CO2 under batch conditions and in continuous culture in fermentors where the agitation rate was low and where the gas transfer was not optimal. When a high agitation speed (up to 1,300 rpm with an impeller) was used in fermentors operated in batch mode, the methane productivity and the final biomass concentration were increased 17-and 4-fold, respectively, compared with earlier experiments. Their results clearly indicated that the level of dissolved hydrogen was the growth-limiting factor in this fermentation (15 
In equations 1 and 2, the driving force for the transfer from the liquid phase to the gas phase is expressed as the difference between the actual concentration of dissolved gas and the concentration that would be in equilibrium with the partial pressure of the given species in the gas phase.
The global mass transfer coefficient, kLa, is representative of the rate of transfer in either direction (gas to liquid or liquid to gas) for the whole reactor. Conceptually, kLa is made up of two terms, kL (the "film" coefficient) and a (the specific interfacial area per unit volume of liquid in the reactor). kLa is usually determined as a single coefficient from experimental data and is clearly specific to a given reactor and mode of operation. kL is a function of the nature of the gas and of the physicochemical properties of the liquid to the biomethanation process, in which methane, carbon dioxide, hydrogen, and hydrogen sulfide gases are involved, overconcentrations of methane and hydrogen (both poorly soluble gases) in the liquid phase can be anticipated. This problem deserves consideration for the following four reasons. First, as the mass transfer coefficient of gases is mostly affected by design and operating parameters (such as mixing efficiency, reactor design, and specific total gas production rate), kLa's should be of the same order of magnitude for all gases. In fact, kLa is slightly affected by the properties of the gaseous species, as kL varies with the square root of the diffusivity (6) . Second, mixing intensity in methanogenic reactors is generally just high enough to homogenize the liquid phase, but it is presumably limited to preserve the syntrophic associations of microorganisms. Third, mixing problems often occur in full-scale reactors. Demuynck et al. (7), for example, showed that 20% of the full-scale methanogenic reactors surveyed in the European Community present major or minor mixing problems. Fourth, as shown in equation 4, the higher the volumetric gas rate, i.e., as in almost all industrial-scale reactors, the higher the expected overconcentration of dissolved gas in the liquid for a given kLa.
The theoretical developments described above thus clearly demonstrate that anaerobic processes, and more particularly the biomethanation process, could suffer from severe liquid-to-gas transfer limitations. In the next section, we will evaluate the importance of such phenomena in real methanogenic reactors.
MATERIALS AND METHODS
Experimental protocol. To evaluate the importance of mass transfer limitations in real anaerobic reactors, the dissolved hydrogen concentrations were compared with the gaseous hydrogen measurements in three reactors of different designs: a completely stirred reactor, an upflow sludge bed reactor, and an upflow sludge bed reactor topped with a filter part (UBF reactor). Different steady-state conditions or batch conditions were applied to these reactors to obtain the widest possible range of hydraulic and biological conditions: mechanical agitation or liquid recycle, low and high hydraulic retention times, and low and high gas production rates ( Table 2) .
Our experimental protocol focused on hydrogen and methane, as they were expected to be the gases most sensitive to mass transfer limitations. During at least two residence times (from 2 to 38 days, depending on the reactor), the hydrogen and methane fractions of the gas phase and the total gas flow rate were measured daily, while the dissolved hydrogen level was continuously recorded. Average values were used to calculate the transfer coefficients, namely, the H2 transfer rate and the H2 overconcentration factor (equation 3). Assuming that the mass transfer coefficients of the different gases in the medium are proportional to the square root of their diffusivity (equation 5), the kLa value and then the overconcentration factor of CH4 were calculated for the three reactors on the basis of hydrogen data.
(kLa)CH4 = (kLa)H, (DCH4/DH2)1/2 Mixing was ensured by the recirculation of the supematant liquid through the dissolvedhydrogen probe at a flow rate of 250 ml/min, corresponding to an upflow velocity of 0.85 m/h and to recirculation/feed ratios of 1,440 and 2,200, respectively, for the first and the second steady states. The reactor was maintained at 32°C. The gas production was measured with an automated pressure transducer gas meter (3) .
The upflow sludge-bed filter reactor (UBF reactor) had a working volume of 13.4 liters (Fig. 3) . It were determined by gas-liquid chromatography of free acids, obtained by adding 1 volume of 6% (wt/vol) formic acid to 1 volume of centrifuged sample. Methane and carbon dioxide gas fractions were analyzed via gas chromatography with a thermal conductivity detector. The hydrogen gas fraction was determined by gas chromatography with thermal conductivity detection and with nitrogen gas as a carrier. With a 1-ml sample loop, the detection limit was about b kLa for H2 resulted from dissolved and gaseous H2 measurements. fissolved CH4 concentration and kLa for CH4 were predicted from the data for H2.
c Percentage of total gas flux escaping the reactor in the effluent and in the gas phase.
gaseous and dissolved hydrogen concentrations, and the resulting overconcentration and mass transfer coefficients with time are shown in Fig. 4 and 5. The liquid volume was continuously mixed during this experiment. Again, the results indicated large mass transfer limitations. The lower kLa values compared with the steady-state data (obtained just before the batch experience) can be attributed to a lower gas production rate (from 0.7 to 0.25 compared with 2.39 liters of gas liter-' day-').
Sludge bed reactor. The sludge bed reactor was operated with long hydraulic retention times and low organic loading rates. Low amounts of gas were produced, and thus the mixing mostly originated from the upflow liquid recirculation. Two steady-state periods were considered. The average output coefficients and the mass transfer coefficients for both steady states are shown in Table 4 . Low kLa values and important overconcentration factors for methane and hydrogen were also found in this reactor. The slightly better mass transfer rate obtained during the second steady state is explained by a higher gas production rate, leading to a lower dissolved-hydrogen value. Values obtained in the second steady state were more reliable than in the first one because of less scatter in the gas composition data. The analytical method was optimized after the first steady state.
UBF reactor. The UBF reactor was operated with short hydraulic retention times and high organic loading rates. Two steady states, characterized by high dissolved-hydrogen concentrations (8.1 and 18.8 ,uM), were considered for the mass transfer analysis.
As for the two other reactors, low kLa values and high overconcentrations of gases in the liquid (up to 80) were obtained (Table 5 ). When both steady states were compared, the mass transfer rate seemed to benefit from an increase in the gas production rate in spite of the concomitant increase of hydrogen concentration. Steady state 1 was characterized by a significantly higher rate of hydrogen production, which was accompanied by a lower methane content in the gas. This was due to the inhibitory running conditions used (organic loading rate, 27 gcOD liter-1 day-'). On the other hand, the importance of mass transfer limitations was emphasized with the second steady state, and contrary to all other experiments reported here, the portion of hydrogen and methane which was leaving the reactor in the effluent It is essential that the concentration of poorly soluble gases should be directly measured in the liquid phase rather than being estimated solely from gaseous measurements. The lack of accurate measuring devices with which to do so accounts for the lack of this data in the literature. Dissolvedmethane concentrations can be measured with mass spectrometry (17) . However, no comparisons between such values and the methane partial pressures in the gas phase have yet been published.
All of the experimental results described in this paper confirm the low liquid-to-gas transfer rates of methane and hydrogen in anaerobic reactors inferred in the first section. In the different reactors, for a wide range of mixing conditions, organic loading rates, and related gas production rates, hydrogen was always found to be much more concentrated than the expected equilibrium value (from 35 to 71 times more concentrated). The values of mass transfer coefficients were found to be very low in this study (from 0.03 to 0.40 h-1 for H2 and from 0.02 to 0.23 h-1 for CH4). These values are to be compared with the kLa values of 10 to 20 h-1 usually encountered in aerobic fermentations (19) .
The range of operating conditions covered in this study is quite representative of the usual conditions of anaerobic bioreactors. On the other hand, it must be emphasized that the mixing conditions used obviously do not ensure efficient liquid-to-gas transfer rates but are sufficient to homogenize the working liquid volume. In the sludge bed reactor, for instance, tracer studies showed that the active volume represented 96% of the total liquid volume (14a) .
An important consequence of such low transfer efficiency is the high amount of dissolved gas in the liquid phase. Therefore, the rate at which dissolved gases escape in the Table   5 ). The resulting CO2 overconcentration factors were 1.41 and 1.33, respectively. The results of the mass transfer calculations are summarized in Table 6 . Compared with the values based on hydrogen data, liquid-to-gas mass transfer coefficients for methane were increased by factors of 4 to 6.5, and this was accompanied by a reduction in the methane losses in the effluent. This fraction ranges from 2 to 9% of the total methane output, which is more acceptable and more consistent with results from the literature. However, even when CO2 data was used to calculate the kLa of CH4, the liquid phase was still much more concentrated in dissolved methane than thermodynamic equilibrium (by a factor of about 10 to 12).
The mass transfer coefficients for CH4 calculated from CO2 data thus appeared to be more realistic and more consistent with the expected behavior of the biomethanation process. Moreover, the kLa's observed for hydrogen were almost 1 order of magnitude smaller than those calculated for carbon dioxide. This contrasts with what would be expected from physical mass transfer considerations alone, since the diffusivity of hydrogen is two to three times higher than that of CO2 (Table 1 ). All these results suggest that the mechanism of liquid-to-gas transfer is similar for CH4 and CO2 but that this is radically different from the mechanism of H2 mass transfer.
A tentative explanation of those two different mechanisms of liquid-to-gas transfer is given in the Appendix. Basically, the simulated liquid-to-gas mass transfer of a single bubble moving vertically in a pool of uniform liquid concentration was compared with the experimental mass transfer rate obtained previously. The results of this simulation first indicate that, for the mean length of the bubble's journey in the liquid phase of the reactor, the CH4 and CO2 content in the bubble is nearly constant, whereas the bubble is enriched in hydrogen. Second, the simulation results also predict that the change in bubble volume during its ascent would be minimal (the increase in diameter from bottom to top is usually less than 10%). This would then suggest that the bulk of the methane and carbon dioxide is transferred to the gas phase in a step before the rise of the bubble. In fact, it is conceivable that bubbles are formed in favorable nucleation sites (granules of biomass or microscopic solid particles), these sites being, in fact, surrounded by active biomass. The bubble formation rate (and hence the mass transfer rates for CH4 and C02) would be intimately related to the biological activities of the biomass, and given the proximity of the nascent bubble to active biomass, the traditional diffusional barrier between the bubble and the bulk of the liquid phase would be less influential. Third, the kLas expected during the ascent of the bubbles are low, but their values are consistent with experimental data for H2 and can be predicted from first principles. Preliminary results, obtained in another UBF reactor, were in agreement with such simulation. The hydrogen partial pressures were 6.7 Pa in the gas phase of the reactor, while the bubbles of gas sampled from the liquid phase, just above the sludge bed, did not contain any detectable hydrogen. The methane and carbon dioxide partial pressures were 52.4 and 43.4 kPa, respectively, in the gas phase and 63.0 and 32.7 kPa, respectively, in the bubble sampled from the liquid phase. Future simulations and complementary analyses would clarify the mass transfer mechanisms in biomethanation. APPENDIX Material balance on a single bubble rising vertically in a homogeneous pool of liquid. The mass balance of the three different gases on a single bubble was predicted, centimeter by centimeter during the vertical ascent, with the assumptions of (i) an isolated bubble, (ii) no coalescence and no breakup, (iii) a vertical path at terminal velocity, (iv) all cis are constant w.r.t. time and uniform, (v) the interfacial area in the reactor is the same for all three gases, (vi) all the H2 is transferred to the gas phase during the bubble ascent.
The calculation inputs were the bubble diameter and the three partial pressures at the surface as well as the actual dissolved-gas concentrations and the physical properties of the liquid. The mass transfer coefficients were obtained as outputs of the simulation, as was the profile for the partial pressure of the three gases as a function of the distance from the surface. Using the ideal gas law (pi VB = ni RI) and VB = (X dB3)16, dp, 6RT p, dvB where PL and rL are the specific density and surface tension of the liquid phase and g is the gravitational acceleration.
Integration. Equations A2, A4, and A5 form a system of five first-order differential equations to be integrated starting from the liquid surface (direction opposite to physical phenomenon). Hence, the initial conditions are h (t = 0) = 0; pi (t = 0) = experimental data on The bubble ascent in the biomethanation pr-ocess would then appear to be largely responsible for the removal of hydrogen from the liquid phase but is expected to have a very limited effect on its methane and carbon dioxide content. In turn, this means that the CH4 and CO2 contents of the gas phase would be much less subject to the interphase transfer resistance than the H2 content.
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